Protein molecules in cells are synthesized by macromolecular machines called ribosomes. According to recent experimental data, we reduce the complexity of the ribosome and propose a model to express its activity in six main states. Using our model, we study the translation rate in different biological relevant situations in the presence of external force, and translation through the RNA double stranded region in the absence or presence of the external force. In the present study, we give a quantitative theory for translation rate and show that the ribosome behaves more like a Brownian Ratchet motor. Our findings could shed some light on understanding behaviors of the ribosome in biological conditions.
I. INTRODUCTION
One of the most important processes in living cells is the translation in which the ribosome catalyses the synthesis of proteins from aminoacyl transfer RNA (tRNA), using messenger RNA (mRNA) as the template. In the "initiation" state, the two subunits of the ribosome join together near the 5' end of the mRNA. Following this state, the ribosome slides along the mRNA and translates its genetic information into an amino acid chain. In this process the transfer RNAs (tRNAs) have been used as adaptors for adding a right amino acid to the end of the polypeptide chain. The "elongation" process is followed by the "termination" state at the stop codon, where the ribosome finishes the protein synthesizes and the two ribosomal subunits separate [1, 2] .
Crystallography and cryoelectron microscopy experiments have revealed the structure of the ribosome in the atomistic level [3] [4] [5] [6] . The mRNA lies in the cleft of the small ribosomal subunit in such a way that its codons may interact with the anticodons of tRNA in three distinct binding sites, called the "A", "P" and "E" sites. At the A-site an incoming tRNA that carrying the next amino acid, binds to the associated codon in mRNA. The polypeptide chain is attached to the tRNA, which is located at the P-site. The deacylated tRNA leaves the ribosome at the exit or "E" site.
We are investigating the generation of force during translocation with high-resolution optical traps. Additionally, we are also interested in how the ribosome uses force to overcome translational barriers such as secondary structure.
Since the ribosome is a huge complex catalytic machine with about 50 ribosomal proteins and several RNAs and also has several degrees of motional freedom, it is very difficult to monitor the translation process in experiments. However the possible mechanisms for ribosomal translocation have been developed in the recent years, taking different approaches that include molecular dynamics simulations [7] and stochastic models [8] [9] [10] . In addition the overall sliding of the ribosome along the RNA have been examined using the normal mode analysis [11, 12] . Furthermore, thanks to the optical tweezers techniques, now it is possible to study the force generation during the translation process, and the effect of the barriers like secondary structure of mRNA on ribosome translocation [13, 14] . It is still a question how the chemical catalysis in the ribosome is coupled to its mechanical translocation. There are two basic schemes [15] : the Brownian ratchet (BR) and the power stroke (PS) mechanisms. The problem would be more complex when the ribosome encounters to a pseudo-knot of a folded RNA. There is another important question regarding the mechanism of unwrapping of the RNA double stranded region. The recent experiments study the ribosomal translocation through a hairpin structure of a mRNA. The results suggest that the hairpin can be unwound due to either the thermal fluctuations or the pushing past by the ribosome [16] . To address to mentioned questions, we attempt to propose a stochastic model to account for some observations for the movement of the ribosome on mRNA. According to the experimental observation, the elongation cycle of the ribosomal translation consists of many steps (more than 10 steps, see Appendix A for details) [17] . For the first step it is a good idea to reduce its complexity as much as possible and express its activity in a few main states for further investigations. The result of our simplification is shown in the schematic picture of a ribosome with its subunits and the mentioned sites in Fig. 1 . We describe the translation process with six key steps according to the recent experimental data (reviewed in [18] ), as shown in Fig. 2 .
II. ANALYSIS
At the beginning of the elongation cycle, "state 0", the A site is empty. The aa-tRNAs can bind to the vacant site A with a rate of ω 01 . This bound aa-tRNA is in a turnery complex with an elongation factor EF-Tu and a GTP. If the bound aa-tRNA is matched to the mRNA codon at the A site, the transition from state 0 to sate 1 is occurred [19, 20] . The GTP hydrolysis and the release of EF-Tu-GDP, promote a transition from state 1 to state 2, called the "accommodation state". In the accommodation state, the tRNA at the P site is joint to the tRNA at the A site through a peptidyl bond. In this state the tRNA of the A site is twisted and as a result the anticodon and the associated mRNA is displaced by 9Å into the entry channel of the ribosome [2, 21] . It is worth mentioning that the polypeptide chain in this state is still attached to the tRNA at the P site. Through the state 2 to the state 3, the stress is released by transferring of the polypeptide chain to the tRNA of the A site, and the two tRNAs of the P and A sites are detached from each other [2, 22] . The free tRNA at the P site has an affinity to the 50S E site, whereas at the same time the 50S P site has a specific interaction with the peptidyle tRNA. The mentioned interactions make the state 3 unstable and drive a ratchet like transition from the state 3 to the state 4 or "the hybrid state" [2, 23] . We note that in the state 4, binding of an elongation factor, EF-G-GTP, stabilizes the hybrid state. The hydrolyses of GTP changes the conformation of the factor of EF-G and opens the mRNA channel. As the result, the 30S subunit is displaced by one codon toward to the downstream of the mRNA. At the same time both tRNAs that are bound to the mRNA, keep their position on the mRNA substrate (state 5) [24] . By dissociation of the tEF-G-GDP, the A site becomes empty and the two ribosomal subunits are aligned, whereas the ribosome goes from state 5 to state 0 [2] .
To model the dynamics of the ribosome, consider the one-dimensional lattice with 6 different sites as described Step (0) → (1): an EF-Tu-dependent aa-tRNA binds to the A-site of the ribosome.
Step (1) → (2): the GTP hydrolyzes, the EF-Tu is deformed and released, and as a result a peptidyl bond is formed between the tRNAs of the A-and P-sites. in Fig. 2 . The ribosome can hop to neighboring sites on this lattice with some specific rates. The probability for the ribosome to be in the states i = 0 − 5, at the position x ≡ na at time t is denoted by p i (n, t), where a is the length of one codon. The p i (n, t) satisfies the master equation
where ω ij represents the rate of transition from state i to neighboring state j. As we mentioned before, between every two states in our model, there are a few intermediate states that have been discussed in the Appendix A. Each rate in this model has been derived using the concept of net rate constants that will be discussed in the Appendix A. It is worth noting that at each translocation step, ribosome moves three nucleotides along the mRNA. In terms of these rates, one can find the mean translation velocity as (see Appendix B for details)
. (2) At each state, one can define a free energy energy, G, that has contributions of structural energy, U , and the chemical energy, µ, as G = U + µ. For example the external force as well as the concentration of the GTP can affect the free energy. In this paper for the sake of simplicity we ignore the effect of the mRNA sequence of nucleotides on the dynamics of the motor (i.e., no ndependence of the rates). In order to understand the effects of the GTP concentration and the external force on the behavior of the ribosome, we use the idea that the possible reaction at each state proceeds through an activated state with a higher energy [25, 26] . Now one can write the rate transition of ω ij and ω ji as
where G a,ij denotes the activation free energy in the transition between two adjacent states of i and j, and k is the frequency factor for the mentioned transition.
In the elongation state of the ribosomal movement, we have the hydrolization of the GTP: A.GT P → A.GDP + P i, where A denotes the elongation factors of EF-G or EF-TU as discussed above. It is plausible to consider that the external force only has effects only on G as
F ∆x shows the change in the free energy by the work of the motor against the external force, F . In the above equations, G 0 is the term that does not depend on the external force.
III. RESULTS AND DISUCSSION
In the following we study the behavior of the ribosome in three biological relevant situations: (1) in the presence of external force, (2) translation through the RNAds (RNA double stranded) region in the absence of the external force, and (3) translation through the RNAds region in the presence of an external force. Besides the analytical description of the problem, we perform a stochastic simulation of our model using the Gillespie algorithm [27] .
Effect of External Force on the Ribosomal Translocation
In the elongation cycle, in two states the ribosome displaced with respect to the mRNA. In the state 1, the GTP hydrolization drives the conformational change in 
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FIG. 3. (Color online)
The translation velocity in terms of the external force for different mechanisms. The filled squares are the experimental data taken from Ref. [28] , in which the small subunit of the ribosome is fixed. The different lines are the simulation data corresponding to the different mechanisms. γi = 0 and γi = 1 correspond to power stroke (PS) and brownian ratchet (BR) mechanisms, respectively. the A-site tRNA, as mentioned above. This deformation pulls the mRNA into the mRNA channel by 9Å. After that peptidyl transferring relaxes the stretched mRNA. Since there are some displacement in the mentioned processes, the external force can influence the transition rates correspondingly. Furthermore the transition between un-ratchet and hybrid state can be affected by the external force. It is worth mentioning that in the experiment it is possible to fix the large subunit or the small subunit. The way of fixing the ribosome in the experiment may affect the rates used in our model. After defining ω 0 ij ≡ k exp[−β∆G 0,ij ], when the small subunit is fixed the rates are
where a 1 and a 2 are about 9Å and 21Å, respectively and 0 ≤ γ 1,2 ≤ 1 are load distribution factors. It is known that γ 1 and γ 0 correspond to the"brownian ratchet" and the "power stroke" mechanisms, respectively [25] . It is worth to mentioning that we can write the similar equations for the case where the large subunit of the ribosome is fixed. For the transition rates, we use the parameters that are summarized in Table 1 . In Fig. 3 , the mean velocity of the translation is shown as a function of the external force, F , when the small subunit of the ribosome is fixed. The translation veloc-ity is found using the rates of the Table 1 and as we discussed above, the force affects the rates according to Eqs. (5a)-(5c). As can be seen in the figure, the translational velocity is decreased exponentially. We define a "stall force" for the motor where the velocity of the ribosome is reduced to less than 0.1 nt/s = 0.03 codons/s. The stall force used in our model is about 15 pN, which is in a very good agreement with the recent experimental results [28] .
Effect of RNAds on the Ribosomal Translocation
In the translational process, a 15-basepairs' (bp) long stretch of RNA is positioned in the mRNA channel between the A-site and the front side of the ribosome [29] . Since the stretching modulus of the sugar-phosphate backbone is large enough, say ∼ 120 k B T/nm 2 [39] , we can consider this confined segment of RNA as a rigid rod. In the physiological condition, a single stranded RNA can be deformed into its secondary structure. Since the diameter of the mRNA channel is almost equal to the diameter of the single stranded RNA, ∼ 1 nm, the front site of the mRNA channel prevents entering the double stranded segment of the RNAds. In order to translate through these RNAds regions, the ribosome should somehow unfold the RNA. In an active process, this happens either by applying a direct force by the ribosome [16] or by helicase activity of the small subunit of the ribosome [29] . In a passive process the ribosome can be paused until the double stranded RNA unwinds due to thermal fluctuations [16] . We note that in principle modeling the unwinding of the double stranded RNA needs an understanding of the intramolecular interactions in the atomic length scales [31] .
In order to see the effect of the wound RNA on the translation rate, we should model the binding-unbinding of the bases of the RNA. The rate of binding and unbinding of two bases of the RNA are denoted by k bind and k unbind , respectively. After introducing κ as the ratio of these two rates and using the detailed balance condition, we have
where ∆G is the energy difference between the two mentioned states. Since the translation rate in the presence of pseudoknots depends on the overall unbinding of the RNA secondary structure, we study the translation rate in different values of the k unbind .
As mentioned before, in two states of the translational cycle, transitions 1 → 2 and 4 → 5 , the small subunit of the ribosome moves along the mRNA by 1 bp and 3 bp, respectively. These transition rates can be influenced by the presence of the base pairs in the mRNA, which depends on the number of base pairs. Now we assume that a ribosome encounters a double stranded segment of the RNA. Let us discuss the transition of 1 → 2 and the effect of the wound mRNA. If the first base pair of the RNA is broken due to the thermal fluctuations (passive picture), the transition rate does not change and we will have ω 12 = ω 0 12 . But if the first base pair is still present, the ribosome should make it accessible and should break it, which costs energy and we have ω 12 = ω 0 12 κ. For the transition of 4 → 5 the situation is very similar, the only difference is that the step length is now 3 bp. Since in the absence of double strands of the mRNA, the transition rate is denoted by ω 
The effect of the base-pair stability of the mRNA on the translational velocity is shown in Fig. 4(a) . When the unwrapping rate is high enough, the ribosome does not sense any barrier in front of it and translates easily the codes of the mRNA. As the base-pair of the RNA becomes stronger, the unwrapping rates decreases and therefore the velocity of the ribosome reduces. One may ask the following question: for a given value of the unwrapping rate, in how many cases the ribosome directly opens the base-pairs of the dsRNA and in how many cases these base-pairs are broken due to the thermal fluctuations? In order to answer this interesting question, we find the fraction of actively opened to the all opened base-pairs (actively or passively), P , in terms of the unbinding rate, as shown in the Fig. 4(b) . In Appendix C, the way of finding quantity P has been explained. We see that when the k unbind is small, the ribosome has a crucial role in the breaking of the base-pair of the ds-mRNA. We can conclude that for small values of k unbind , the ribosome directly breaks the base-pairs of the ds-mRNA by the probability around 0.3. 
!"

Ribosome Translocation on a ds-mRNA under External Loads
Here we consider a situation at which the ribosome is facing the double stranded region while an external force is being applied to the other end of the mRNA. The schematic picture of the suggested setup is shown in Fig. 5 . We can derive the corresponding changes in transition rates based on the discussions of the above k bind k unbind sections. When the small subunit is fixed the rates are
In the above equations we have used κ ≡ κ e βF x , where "F " is the external applied force, for example is exerted by the optical tweezer. A contribution of the applied force breaks the bonds between mRNA bases, whereas a remaining contribution, F 2 , affects the ribosome. We simply can model this process based on the molecular friction due to transient base-pairing of the mRNA bases. Let us assume that due to applying the external force, the base-pairs of the dsmRNA break with the velocity of u, number of codons per seconds. As we mentioned above in Eq. (6), the rate of binding and unbinding of two bases of the RNA are denoted by k bind and k unbind , respectively and in principle both of them are functions of force. In terms of these rates, the mean velocity u can be written as u = (k unbind − k bind ) b, where b is the length of one base step, say b ∼ 0.3 codon. When the external force is zero, k bind (F = 0) > k unbind (F = 0) and the mean velocity of the opening of the mRNA pseudo-knot is zero. The external force increases k unbind and decreases k bind and at some force, say F * = k B T b ln κ −1 , these two rates become equal, k bind (F = F * ) = k unbind (F = F * ). Before this threshold, as u is zero, the force that is affecting the ribosome is equal to F and the ribosome moves like the situation discussed in the last section. When the applied force becomes larger than F * , the ds-mRNA starts to open and we have a nonzero u and the ribosome senses the force F 2 . After denoting the phenomenological friction coefficient by µ, we have F 2 = F − µu. We note that µ can be estimated in terms of k unbind and ∆G, the energy difference between the "bind" and "unbind" states (see Eq. (6)). There is an effective friction in the problem due to the transient crosslinks between two complimentary bases of the mRNA. If the stiffness of each base-pair is shown by k ∆G b 2 , then the average force opposing the external force approximately is − ∆G b 2 k unbind u. The mean force that is acting on the ribosome can be estimated by
In Fig. 6 the behavior of the translation rate is shown as a function of the applied force, F , for representative values of ∆G and k unbind . We note that in principle the unbinding rate of the G-C and A-T base pairs are different. As can be seen in the figure, for a given values of ∆G, the translation velocity reduces as k unbind becomes smaller. In experiments, one can measure the time between successive steps in the translation process, which is called dwell time [13] . In Fig. 7 , histograms of the dwell time for three forces for two different situations are shown. The Fig. 7(a) is corresponding to β∆G = 0.5 and k unbind = 25 s −1 , and the Fig. 7(b) is corresponding to β∆G = 2.0 and k unbind = 25 s −1 . As can be seen, the dwell time at small forces is mostly around 1 s, whereas for the larger forces, the dwell time has a very wide distribution. This behavior is in a very good agreement with the experimental data (see Fig 4(a) in J.-D. Wen et al. [13] ).
In this paper we have not addressed the process of frameshifting during the translation. When the riboso- mal frameshifting is occured, the ribosome shifts reading frames mostly upstream by a single or more nucleotides along the mRNA and as a result, another protein will be produced. This process becomes more interesting when we see that many viruses benefit this possibility for producing their needed proteins from their single mRNA sequence [30] . Our model can be used in understanding possible scenarios in programming frameshifting. We finally discuss the possible experimental investigations for checking our model for the translation process. An experiment could be achieved by doing the similar experiments using optical tweezers for more different sequences of mRNA. In the suggested experiment, the small subunit of the ribosome can be fixed, like Ref. [28] , and more stable mRNA sequences can be used. This experiment would be more useful in order to understand the details of programming frameshifting, as mentioned above.
In conclusion, we have shown that the results of our simple model for the translation process have a very good agreement with the experimental data in different situations. In this paper, it has been shown that the accommodation state of the ribosome plays a very important role in the translation process and it might be more important in the presence of the external force, which has not been considered very carefully in the previous models. As we discussed in the first part of the paper, there was a question regarding the mechanism of the translation process. Here we have shown that according to the experimental data and our results, the Brownian Ratchet mechanism can be the responsible mechanism for the ribosome. At the end we would like to emphasize that besides the effect of thermal fluctuations on unwinding dsmRNA, the ribosome contribution might be also considerable, depending on the values of ∆G and k unbind .
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APPENDIX A: DETAILS OF TRANSLATION CYCLE
The translation process involves several states. In the model that has been proposed in this paper, we summarized these states in six main states as described in Fig.  2 . Here we discuss the details of the translation cycle and show how one can derive the effective rates of our model. According to the experimental findings, the translation process is occurred in 13 states that have been shown in Fig. 8 [18] . The intermediate sates that we have combined and considered them in our model implicitly, have been shown by alphabets of (a) to (e), and the states that we have already considered in our model have been shown by numbers of (0) to (5) . One can find the details of the intermediate states in Ref. [18] . Using the experimental data for the ribosomal translation [17, [33] [34] [35] [36] [37] [38] , we estimate the values of the transition rates for different states, which have been summarized in Table II .
Using "the concept of net rate constant" [32] , we can deduce the effect of the intermediate steps on the transition rates in our model. As an example we can find the rate of ω 01 in terms of the rates of intermediate steps of
(e) (f ) Here the numbers stand for the states that we have used in our model and the alphabets show intermediate states.
Step (0) (a): a EF-Tu-dependent aa-tRNA binds to/unbinds from the ribosome.
Step (a) (1): The mRNA codon is examined by the aa-tRNA anticodon.
Step (1) → (b): GTP hydrolizes and therefore the incoming tRNA tightly binds to the mRNA codon in the A site of the ribosome.
Step (b) → (c):
The elongation factor of EF-Tu is deformed.
Step (c) → (2): EF-Tu releases and the tRNA at the P site is joint to the tRNA at the A site through a peptidyl bond.
Step (2) → (3): the polypeptide chain is transferred to the tRNA of the A site.
Step (3) (4): the elongation factor of EF-G binds to the ribosome and promotes a ratchet like transition from the state (3) to state (4) and backward.
Step (4) → (d): GTP hydrolyzes and drives the unlocking of the mRNA channel, Step (d) → (e), and followed by the tRNA movement and releasing of Pi, Step (e) → (5).
Step (5) → (f ): rearrangement of the ribosome (re-locking) and elongation factor of EF-G are occurred.
Step (f ) → (0): EF-G dissociates and the ribosome goes to its initial state.
where k ij denotes the rate of transition from state i to state j, and k net 0a and k net a1 are To find the analytical description for the translation velocity, we consider a one-dimensional lattice; cf. Fig 9, where the overall position of the ribosome is denoted by n and the its internal state is denoted by i, as shown in Fig. 2 . The master equation governing this problem has been written in Eqs. (1a)-(1f). After defining P (n) as the probability for the ribosome to be in the position n, we can write the mean position as
where p i (n) denotes the probability for the ribosome to be in the position n and the internal state of i. By definition, the mean velocity of the ribosome can be written as
A few simple calculations using the master equations of Eqs. (1a)-(1f), lead to
In the steady state, we have ∂ t p i (n) = 0 and one can find all p i (n)'s in terms of p 5 (n) as
p 4 (n) = ω 50 ω 45 p 5 (n).
Using the above equations and the condition of . (18) We note that since the distance between two neighboring sites is 1 codon, the velocity is determined in terms of codon per second.
APPENDIX C: THE ALGORITHM OF THE SIMULATION
The six state model presented in this paper simulated using Gillespie algorithm, witch is a random selection method [27] . This algorithm generates random reactive events consistent with master equations of the system. It has two random generating parts: (1) random selective reaction, and (1) random reaction time. In order to explain the details of the algorithm, we give an example regarding determination of value P , the fraction of actively opened to all opened base-pairs of dsRNA as depicted in Fig. 4(b) .
We consider the ribosome is in the state (4) in the translational cycle as shown in Fig. 2 , and it reaches a double stranded RNA. As discussed in the main text above, the local double strand should be somehow unwound for further translational process. This base-pair either can be broken passively by the thermal fluctuations or actively by the ribosome. As mentioned in the main text, the rate of the passive process is denoted by k unbind , and the rate of the active process is shown by ω 45 , Eq. (8) . Now a random number 0 ≤ ζ 1 < 1 is drawn, and depending on its value the next decision is taken as If 0 ≤ ζ 1 < k unbind k unbind + ω 45 : passive unwinding, otherwise : active unwinding.
This process is happened in the time interval of ∆t as ∆t = −1 k unbind + ω 45 × ln(1 − ζ 2 ), where 0 ≤ ζ 2 < 1 is another random number that is using in the Gillespie algorithm. During the translation process, we count the number of base pairs that are broken passively and actively. At the end we can determine the value of P as P = Number of actively broken base pairs Total number .
